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ABSTRACT: Poly(N-isopropylacrylamide) is perhaps the most well-known member of the class of
temperature responsive polymers. It has a lower critical solution temperature (LCST) in water at about
32 °C. This very sharp transition (∼5 °C) is attributed to alterations in the hydrogen-bonding interactions
of the amide group. In this work we investigated the conformation of end-tethered PNIPAM chains at
the interface of silicon with D2O and d-acetone using neutron reflection. End-tethered PNIPAM layers
were prepared utilizing the interaction between COOH-terminated PNIPAM and OH-terminated self-
assembled monolayers (“method A”) and also by polymerizing N-isopropylacrylamide monomers from
the silicon surface (“method B”). Reflectivity data from the protonated layers in deuterated water were
obtained using a liquid cell over a range of temperature from 10 to 55 °C. For method A, PNIPAM
molecular weights of 33K and 220K were examined. In D2O, we observed very limited change in the
conformation of the tethered chains as the temperature increased through the LCST. No conformational
change was detected for the lowest molecular weight PNIPAM-COOH sample (33K). Only a slight change
in conformation with temperature was detected for the higher molecular weight sample (220K) and the
sample from method B. The profiles indicated that the chains were well hydrated above 32 °C, consistent
with the observation of very low receding water contact angles. On the other hand, a significant change
in the segment concentration profiles occurred when D2O was replaced by d-acetone. Bilayer profiles
were observed for all samples in D2O. By contrast, in d-acetone the profiles were composed of a single
monotonically decaying layer. Surprisingly, the profiles were more contracted in d-acetone than in D2O
despite the fact that PNIPAM dissolves in d-acetone but solutions of PNIPAM in D2O are cloudy above
the LCST. This observation, as well as the lack of conformational change with temperature for these low
surface density brushes in D2O, is explained on the basis of a concentration-dependent Flory ø parameter.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM) exhibits a
lower critical solution temperature (LCST) of ∼32 °C
that is attributed to alterations in the hydrogen-bonding
interactions of the amide group.1-4 Gels of PNIPAM
display remarkable hydration-dehydration changes in
aqueous solution in response to relatively small changes
in temperature (T). At temperatures lower than 32 °C
PNIPAM gels hydrate to form an expanded structure,
whereas they dehydrate at temperatures above 32 °C.
Changes in volume of a factor of 10 have been reported.5
Grafting PNIPAM to surfaces is a promising strategy
for creating responsive surfaces, since the physical
properties of PNIPAM are readily controlled by chang-
ing the temperature. PNIPAM in various forms has
been explored for a variety of applications including
controlled drug delivery,6,7 solute separation,8,9 tissue
culture substrates,10,11 and controlling the adsorption
of proteins,12 blood cells,13 and bacteria.14

Considerable effort has been devoted to characterizing
conformational changes in PNIPAM-based materials. In
general, conformational changes play an important role
in a wide variety of polymeric systems, including protein
folding15 and DNA packing.16 Since polymer gels are of
considerable practical importance and also represent a
very convenient system to investigate this transition on

a macroscopic level, many studies of the volume change
of PNIPAM gels with temperature have been re-
ported.5,17-20 On the other hand, it is rather difficult to
observe conformational changes in isolated polymer
chains through the transition temperature because of
interchain aggregation.21-23 Wu et al. studied the con-
formational change of PNIPAM chains with high mo-
lecular weight and low polydispersity (Mw ) 1.3 × 107

g/mol, Mw/Mn < 1.05) in an extremely dilute aqueous
solution using laser light scattering.21,22 They found that
the radius of gyration (RG) decreased by a factor of 7 as
the solution temperature increased above the LCST.

There have been few direct experimental studies of
the conformational changes of end-tethered PNIPAM
chains. Kidoaki et al. recently reported changes in the
thickness of a chemically grafted PNIPAM layer in an
aqueous solution using AFM.24 They employed an
iniferter-based graft polymerization method25 to gener-
ate PNIPAM films with dry thicknesses ranging from
250 to 1500 Å. Precise values of surface density (σ) and
molecular weight (M) were not reported. The change in
thickness of the grafted layer was estimated from AFM
images of the boundary between grafted and nongrafted
(ablated by laser light) regions. They found that the
swollen film thickness decreased by a factor of ∼2 upon
increasing the temperature from 25 to 40 °C.
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A number of indirect methods that may be sensitive
to conformational changes of grafted PNIPAM chains
have also been reported. Several studies have been
reported of the hydrodynamic radii of colloidal particles
with grafted or adsorbed PNIPAM molecules.26-29 Zhu
and Napper studied the temperature dependence of the
hydrodynamic radii of latex particles with grafted26 and
adsorbed27 layers of PNIPAM by dynamic light scatter-
ing. For grafted layers with molecular weights from 3
× 105 to 2 × 106 g/mol, they found a strong decrease in
the hydrodynamic radius (Rh) with increasing temper-
ature through the LCST.26 The range of surface density
was not reported. NMR data supported the notion that
two processes were involved in the transition, one
dominating below 28 °C and one dominating above 28
°C. The authors assigned these processes to strong
attractive binary interactions and weaker attractive
many-body interactions. Whereas the contraction through
the transition was very pronounced for all molecular
weights, the authors concluded that the contributions
of the two processes had opposite dependencies on
molecular weight based on changes in the shape of the
Rh vs T curves.

Takei et al. investigated the change of surface proper-
ties for PNIPAM grafted surfaces using dynamic contact
angle measurements.30 They observed a large change
in advancing water contact angle with temperature and
reported receding contact angles as high as 60°. On the
other hand, others have reported little change in
advancing contact angle with temperature and much
lower receding contact angles.24,31 For surfaces of grafted
PNIPAM prepared by the iniferter technique, Kidoaki
et al. reported advancing water contact angles of 64 (
2.5° independent of temperature from 20 to 40 °C and
receding contact angles that increased from 17.8 ( 1.7°
to 33.8 ( 2.2° over this range for their highest molecular
weight sample.24 Schmitt et al. studied the temperature-
dependent properties of layers of PNIPAM slightly
copolymerized with a hydrophobic monomer adsorbed
to mica from aqueous solution.31 They found that the
advancing contact angle was nearly constant from 20
to 35 °C and had an average value of θa ) 76 ( 2°. The
receding contact angle increased from 18° to 33° be-
tween 25 °C and 30 °C.

Theoretical understanding of grafted polymer chains
is not nearly as advanced for LCST systems as for UCST
systems.32,33 Regarding layers of grafted PNIPAM chains,
Baulin and Halperin recently proposed a phenomeno-
logical theory based on a concentration-dependent Flory
ø parameter.34 To explore the effect of a spatially
varying segment concentration (φ) in this case, the
brush was modeled in the Pincus approximation.35 This
approximation retains the uniform stretching assump-
tion of the scaling approach of Alexander36 but allows
for spatial variation in φ and in the distribution of chain
ends. For the generic case of ø ) 0.5 + aφ 2, where a ∼
1, they obtained two types of behavior based on the
surface density. For monodispersed chains at suf-
ficiently high σ, a vertical phase separation within the
brush resulted which led to a bilayer profile. On the
other hand, for lower σ no such vertical phase separation
occurred and single layer profiles resulted. Profiles were
also calculated for grafted PNIPAM layers at 28 °C
using experimental data for øeff(T,φ) obtained from the
recent study of PNIPAM phase behavior by Afroze et
al.37 This analysis resulted in bilayer profiles at high σ
and single layer profiles at low σ. Behavior for the full

range of temperature through the transition was not
reported. Since this phenomenological approach incor-
porated øeff(T,φ) obtained from macroscopic phase be-
havior, no connection was made to the nature of the
fundamental interactions.

In this work we directly investigated the conforma-
tional changes of PNIPAM chains tethered to a flat
substrate and immersed in water as a function of
temperature using neutron reflection (NR). The PNIPAM
chains were tethered by two methods. The first method
(“method A”) involved the association of end-function-
alized preformed polymers with functional groups on the
substrate, analogous to the “grafting-to” method38-40 but
without a covalent linkage. The other method (“method
B”) is the “grafting-from” method.41-43 In general, higher
surface density can be obtained using the second method
as only small molecules have to diffuse to the surface,
and blocking of binding sites by already tethered mate-
rial is minimized. However, in the present work the
surface density for this method, while greater than that
for method A, was still rather low. Segment concentra-
tion profiles of the PNIPAM brushes were determined
in D2O as a function of temperature and also in
d-acetone at room temperature. Profiles were obtained
in the two solvents in order to investigate the role of
the solvent in mediating interactions. Changes in water
contact angles with temperature were also measured
and are discussed below along with the concentration
profiles. In both of the tethering methods used in this
work, the dry film thickness was less than 40 Å, which
is much lower than in the study of Kidoaki et al. We
show below that, for the present range of surface density
and molecular weight, the conformational changes are
far more modest than reported in the study of Kidoaki
et al. No coil-to-globule transition was observed. Many
tethered PNIPAM systems fall into the present range
of surface density and molecular weight. The present
data imply that the mechanisms underlying various
useful applications of PNIPAM for these cases do not
involve large conformational changes. This is contrary
to much previous speculation regarding such mecha-
nisms.4,13,30,44,45

Experimental Section
Materials. Dodecyltrichlrosilane (DDTS), bromoundecyl-

trichlrosilane (BrUTS), and (3-mercaptopropyl)trimethoxy-
silane were obtained from Gelest.46 Anhydrous hexadecane was
obtained from Aldrich. Carboxylic acid-terminated PNIPAM
with molecular weights of 33 000 and 220 000 g/mol were
obtained from Polymer Source. The samples were fractionated
from a polydisperse sample, and Mw/Mn was ∼1.4 for both
samples. N-Isopropylacrylamide (NIPAM), N,N-dimethyltri-
methylsilylamine (DMTMSA), D2O (99.9 atom %), acetone-d6

(99.9 atom %), and azobis(isobutyronitrile) (AIBN) were ob-
tained from Aldrich. NIPAM was recrystallized from hexane;
all other materials were used as received.

Methods. For the samples of method A, the silicon wafers
were cleaned in a piranha solution (70/30 H2SO4/H2O2) and
then submerged for 5 h in a hexadecane solution containing a
mixture of DDTS and BrUTS at 60 °C.47 The monolayer
composition was controlled by varying the composition of the
treating solution. For the data discussed below, the composi-
tion was 40 mol % BrUTS. The SAM-coated wafers were
sonicated in toluene to remove nonbonded material and then
blown dry with a stream of dry nitrogen. The conversion of Br
termination to OH termination was accomplished following the
procedure outlined by Baker and Watling.48 PNIPAM films
were then spin-coated from a 1 wt % methanol solution onto
the mixed SAM-coated wafers. The thicknesses of the PNIPAM
films were ∼400 Å, measured by ellipsometry. The wafers were
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then annealed for 48 h in a vacuum oven at 150 °C to enable
the carboxylic acid end groups to interact with the hydroxyls
on the substrate surface. No change was detected in the IR
spectrum of bulk PNIPAM exposed to the same conditions,
indicating that PNIPAM does not degrade under these condi-
tions. The samples were then submerged in a water bath at 5
°C for 2 weeks and also sonicated in an acetone bath. The
thickness of the surface layer was measured by X-ray reflec-
tivity (XR) before and after tethering the PNIPAM chains. The
final dry film thickness of PNIPAM ranged from ∼10 to 40 Å
for these samples. While many samples were prepared in this
way and examined, in the following we discuss the data for
two samples which we refer to as “33K” and “220K” according
to their molecular weights. Evidence for end-tethering came
from the fact that PNIPAM samples without COOH terminal
groups could be completely rinsed off the same mixed SAM
surfaces, but a substantial thickness was retained after
exhaustive rinsing for the PNIPAM-COOH samples. The
mode of association was most likely hydrogen bonding, as no
evidence of ester formation was seen in an IR study of a bulk
sample of PNIPAM-COOH in the presence of an excess of
octanol under the same conditions.

The “grafting-from” sample (method B) was synthesized
through a chain-transfer polymerization, where radicals were
generated in solution and then transferred to the surface. The
silicon wafer was first coated with (3-mercaptopropyl)tri-
methoxysilane (MPS), which functions as the chain-transfer
agent, by submerging it for 2 min in a 2% silane solution in
an ethanol/water mixture (20:1) acidified to pH 5.5 with acetic
acid. After an ethanol rinse, the condensation was driven by
heating at 110 °C for 10 min. The MPS-coated sample was
then placed into a 25% NIPAM solution in dioxane with 20
mg/mL AIBN. The sample was heated to 60 °C under a
nitrogen atmosphere and allowed to react for 20 h. The sample
was rinsed exhaustively with room temperature 2-propanol
to remove unbound polymer.

The neutron reflectivity (NR) measurements were performed
on the NG7 reflectometer at NIST. A fixed wavelength of 4.75
Å was used. Reflectivity data from the protonated PNIPAM
layers in deuterated water were obtained using a liquid cell
over a range of temperature from 10 to 55 °C. Following that,
the deuterated water in the liquid cell was removed and the
cell was refilled with d-acetone. Reflectivity data for the sample
in d-acetone were then collected at 20 °C. For PNIPAM
brushes obtained by method A, neutron reflectivity data were
also collected in the liquid cell (both solvents) after removing
the PNIPAM brushes. The latter measurements served to
determine the penetration of the solvents into the SAM layer
and oxide and was used to constrain the fitting. The PNIPAM
brushes were removed by depositing N,N-dimethyltrimethyl-
silylamine (DMTMSA) onto the sample surface for 15 min and
then rinsing several times with methanol and acetone. The
procedure was repeated twice. X-ray reflectivity was also
performed on the dry films after removing the PNIPAM to
verify complete removal. The ability to remove the layer
completely with N,N-dimethyltrimethylsilylamine is consistent
with the conclusion that the PNIPAM molecules were not
covalently grafted to the OH-terminated SAM layer. Neutron
reflection probes the scattering length density (SLD) profile
normal to the surface, which is a function of the density and
atomic composition. The SLD profiles were converted to
volume fraction profiles assuming additivity of volumes. The
SLD profiles were composed of a stack of slabs, where each
slab was assigned an SLD, a thickness, and a roughness. The
reflectivity was calculated from the stack of slabs using the
optical matrix method.49 Best-fit profiles were determined by
minimization of least squares. X-ray reflectivity was performed
both at SNL and at NIST. X-ray reflectivity determines the
electron density profile normal to the surface.50

Advancing (θa) and receding (θr) water contact angles on
selected samples were measured using the dynamic Wilhelmy
plate technique and the sessile drop technique. For the former
method, two pieces of silicon wafer coated with PNIPAM were
prepared identically and then glued together so that PNIPAM-
coated surfaces were exposed on both faces. Measurements

were made with a Hottinger Baldwin Q11 load cell. The
advancing and receding contact angles were measured at a
speed of 10 mm/min for five consecutive cycles. Calculations
of the dynamic contact angles were performed according to a
procedure outlined by Smith and co-workers.51 For the sessile
drop method, a Kruss DSSA10 MKII system was used. The
samples were enclosed in an environmental chamber and
heated with a thin film resistance heater.

Results
XR was used to measure the PNIPAM dry film

thicknesses, which was important for constraining the
fits to the NR data. An example is given in Figure 1,
where data for the SAM layer alone, the SAM with
tethered PNIPAM (33K), and the SAM layer after
removal of the PNIPAM layer are shown. The first
minimum shifted to lower q for the sample with
PNIPAM, indicating a PNIPAM thickness of ∼10 Å. The
surface coverage calculated from this thickness is ∼1.0
mg/m2, assuming a density of 1.0 g/cm3 for PNIPAM.
After removing the PNIPAM layer with DMTMSA, the
first minimum in the curve shifted back to the same
position as obtained initially for the SAM layer alone,
although the fringe was less distinct. This indicates near
complete removal of the tethered PNIPAM chains by
DMTMSA. We note that XR for the 33K and 220K
samples in air was measured both before and after the
NR measurements. Little change was observed for both
samples, indicating that PNIPAM molecules were not
removed during the NR experiments. Dry film thick-
nesses for the 220K PNIPAM-COOH sample (hereafter
referred to as 220K) and the “grafting-from” sample
were 56 Å and 43 Å, respectively, where the former
includes an 18 Å SAM layer and the latter includes an
8 Å layer of mercaptopropyltriethoxysilane.

NR data for 33K and 220K in D2O at 20 °C are shown
in Figure 2a, along with data for a sample with the SAM
only. Data for the same samples in d-acetone at 20 °C
are shown in Figure 2b. The data are displayed as
reflectivity × q4 to compensate for the q-4 decay due to
the Fresnel law. In this comparison, one can see a much
larger change near the minimum in the curve after
tethering in d-acetone than in D2O. Since the neutron
scattering contrast for PNIPAM is stronger in D2O and
than in d-acetone, the stronger signal in d-acetone

Figure 1. (a) X-ray reflectivity data for the 33K sample: SAM
only (O), with PNIPAM (+), and after removing PNIPAM with
DMTMSA (b).
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indicates, without detailed fitting, that the chains are
more contracted in d-acetone than in D2O. In D2O the
reflectivity for 33K deviates only slightly from that for
the SAM layer alone, falling slightly lower at high q.
This weak signal indicates that the PNIPAM layer is
highly expanded. Whereas a detailed profile cannot be
obtained, limitations on the profile shape, specifically
the extent of contraction, can be determined since the
mass of PNIPAM is known from XR. From this analysis
we find that the layer must be more expanded than a
layer of 170 Å with average segment volume fraction of
0.05, as this layer would produce a measurable differ-
ence from the reflectivity for the SAM alone in the range
of q ) 0.02-0.05 Å-1. For all other cases, detailed
profiles were obtained.

Figure 3a shows NR data for 33K in D2O at 20 and
55 °C and in d-acetone at 20 °C. Surprisingly, no change
in reflectivity was observed for 33K in D2O as the
temperature passed through the bulk LCST. Similarly,
no change in reflectivity with temperature was observed

Figure 3. (a) Neutron reflectivity data for 33K in D2O at 20
°C (O), in D2O at 55 °C (b), and in d-acetone (+). The curves
through the data correspond to best fits. (b) Best-fit SLD
profiles for the 33K sample in D2O (- - -) and the sample in
D2O after removal of PNIPAM with DMTMSA (s). (c) Best-
fit SLD profiles for the 33K sample in d-acetone (- - -) and the
sample in d-acetone after removal of PNIPAM with DMTMSA
(s). The inset shows the PNIPAM segment concentration
profile in d-acetone.

Figure 2. (a) Neutron reflectivity data for SAM only (O), 33K
(b), and 220K (+) in D2O. The curves through the data
correspond to best fits. (b) Neutron reflectivity data for SAM
only (O), 33K (b), and 220K (+) in d-acetone. The curves
through the data correspond to best fits.
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for other tethered PNIPAM samples with molecular
weights ranging from 10 000 to 33 000 g/mol and for
similar surface densities as for 33K in Figure 3a. The
curves through the data in Figure 3a correspond to the
SLD profiles shown in Figures 3b and 3c. We emphasize
that the fits were highly constrained. The integral of
the profile was constrained at the thickness obtained
for the dry film by XR. Furthermore, the SLD and
thickness values for the silicon oxide and SAM layers
were fixed to values obtained from NR data for the SAM
layer alone for both D2O and d-acetone. We note that it
was necessary to account for the presence of solvent
within the oxide. A similar result was reported previ-
ously by Lu et al.52 Comparable fitting results were
obtained for either adding a thin layer (∼5 Å) with an
elevated SLD near the outer surface of the oxide or
increasing the SLD of the oxide layer uniformly. As
mentioned above, for 33K in D2O the signal was very
weak. A detailed SLD profile could not be obtained from
this NR curve, but rather the curve could be fitted by
simply increasing the roughness between the SAM and
D2O, as shown in Figure 3b. The appearance of penetra-
tion of solvent into the SAM layer in Figure 3b is an
artifact of the one-dimensional SLD profile. This effect
is due to an increased roughness parameter between the
SAM and the subphase, likely stemming from in-plane
heterogeneity of PNIPAM segments at the SAM surface.
On the other hand, in d-acetone a significant signal was
observed, and information about the profile could be
obtained. A smoothly decaying single layer profile is
adequate to describe the data.

Figure 4a shows NR data for 220K in D2O at 20 and
55 °C and in d-acetone at 20 °C. For this sample in D2O,
there was a noticeable change in reflectivity over this
temperature range. The curves through the data cor-
respond to the segment concentration profiles shown in
Figure 4b. For 220K in D2O, the data are not consistent
with a single layer profile. On the other hand, the data
are consistent with a bilayer profile composed of a very
thin layer of high concentration at the substrate surface
followed by a second layer of much lower concentration
which extends well into the subphase. The change in
conformation of the PNIPAM chains in D2O observed
with temperature is complex. It does not simply indicate
a contraction of one of the layers, but rather changes
occur in both layers. We note that the reflectivity
returned to that of the original curve upon subsequent
decrease in temperature to 20 °C. Good reversibility was
obtained for several heating-cooling cycles. In contrast
to the profiles in D2O, a bilayer profile is not required
to fit the data for 220K in d-acetone, but rather the data
are consistent with a smoothly decaying single layer
profile. Similar to the results for the 33K sample, the
220K PNIPAM chains are more collapsed (rms thickness
of segment concentration profile much smaller) in
d-acetone than in D2O.

Figure 5a shows neutron reflectivity data for the
PNIPAM sample obtained using the “grafting-from”
method in D2O at 20 °C and 55 °C and in d-acetone at
20 °C. We expect the surface density to be higher for
chains tethered by this method than with the other
method (recall that only 40% of the surface area was
terminated with OH in the mixed SAM of method A,
whereas 100% of the surface area was coated with MPS
in the “grafting-from” method). For this sample the dry
film thickness of PNIPAM from XR was ∼35 Å. A small
but clearly measurable change in reflectivity was ob-

served with increase in temperature to 55 °C. The best-
fit segment concentration profiles are shown in Figure
5b. A smoothly decaying single-layer profile is again
consistent with the data for the PNIPAM sample in
d-acetone, whereas a bilayer profile is once more re-
quired in D2O. However, the second layer is less distinct
than for the 220K sample. Finally, we note that the
change in reflectivity with temperature was not revers-
ible upon cooling back to 20 °C for this sample.

Advancing and receding water contact angles at 22
and 40 °C for 33K on 40% hydroxyl-terminated SAM
are shown in Table 1. Whereas the values for the contact
angles were roughly in the same range with each
method, differences were observed in the temperature
dependencies. With the dynamic Wilhelmy plate method,
we observed only a small increase in advancing contact
angle over this temperature range. A stronger increase
with temperature was observed in the receding contact
angle, but the values still remained quite low. For the
sessile drop method, an increase of 19° was observed in

Figure 4. (a) Neutron reflectivity data for 220K in D2O at 20
°C (O), in D2O at 55 °C (b), and in d-acetone (+). (b) Best-fit
segment concentration profiles for the sample in D2O at 20 °C
(s), in D2O at 55 °C (- - -), and in d-acetone (‚‚‚).
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the advancing contact angle over this temperature range
while the receding contact angle remained constant.
Importantly, for both methods the receding contact
angles were far below the receding contact angle ob-
tained for the mixed SAM in absence of the PNIPAM
film (∼70°). The very low receding contact angles
demonstrate that these PNIPAM brushes are well
solvated by water even above the bulk LCST. Our
results are similar to the data of Schmitt et al. and
Kidoaki et al. but contrary to the data of Takei et al.,
who reported much higher receding contact angles.

Discussion

The first important observation of this work is that,
for the present range of σ and M, the change in
conformation of the tethered PNIPAM chains is very
subtle as the temperature increases above the LCST in
D2O. This result was obtained for both tethering meth-
ods. The lack of strong conformational change with
temperature is striking given the fact that an aqueous
solution of free chains undergoes a cloud point transition
over the same temperature range. The concept of a
concentration-dependent Flory ø parameter may provide
insight into this observation. The surface density was
relatively low for all the samples in the present study,
as can be inferred from the segment concentration at
the surface for the profiles in d-acetone. The very modest
conformational changes observed in D2O may be due to
the fact that all the layers in this study fall into the
low-density regime where attractive interactions be-
tween segments are weak. In support of this interpreta-
tion, we note that in more recent measurements to be
reported elsewhere53 involving brushes at much higher
surface density a strong contraction with temperature
was observed. We emphasize that the lack of observed
change in the segment density profile with temperature
in D2O in the present work is not due to limited
sensitivity of the experimental technique, as demon-
strated by the fact that a substantial change in profile
shape was detected upon replacing D2O with d-acetone.

A second important observation of this study is the
comparison between changing the temperature with
D2O vs replacing D2O with d-acetone. We note that free
PNIPAM has a UCST in d-acetone at ∼-56 °C and thus
dissolves at all temperatures of this study. On the other
hand, free PNIPAM dissolves in D2O for T < 32 °C but
precipitates from solution for T > 32 °C. Two striking
differences are observed in the tethered chain profiles
for the two methods of varying the solvent quality. First,
the reflectivity data are consistent with a smoothly
decaying single-layer profile in d-acetone, but a bilayer
in D2O. Second, the chains are more contracted in
d-acetone than in D2O at 55 °C, as measured by the rms
thickness of the segment concentration profile. These
two observations reveal the complex nature of the
interactions in this system. In addition to surface
density and molecular weight, many interactions are
involved in determining the profile shape of grafted
chains: solvent-substrate, segment-substrate, seg-
ment-solvent, and segment-segment interactions. Fur-
thermore, since the NIPAM monomers possess both
hydrophobic and hydrophilic moieties, their interaction
with other segments, the solvent, or the surface must
comprise a combination of very different types of
interactions. Raising the temperature in D2O presum-
ably affects primarily the hydrogen-bonding interactions
of the amide groups.1-3 However, replacing D2O with
d-acetone affects all the interactions in the system.
Thus, it is perhaps not surprising that replacing D2O
with d-acetone produces a larger conformational change
in some cases than simply varying the temperature in
D2O. We speculate on the details of these interactions
below, focusing first on the interactions with the surface
and then turning to the interactions which control the
extension of the tethered chains into the solvent.

Since there is little change in the profile with tem-
perature in D2O, the bilayer profiles are interpreted in
terms of strong attractive interactions between PNIPAM
chain segments and the SAM surface, rather than in

Figure 5. (a) Neutron reflectivity data for the “grafting-from”
sample in D2O at 20 °C (O), in D2O at 55 °C (b), and in
d-acetone (+). (b) Best-fit segment concentration profiles for
the sample in D2O at 20 °C (s), in D2O at 55 °C (- - -), and in
d-acetone (‚‚‚).

Table 1. Water Contact Angles of 33K PNIPAM-COOH on
40% OH-Terminated SAM

22 °C 40 °CPNIPAM
sample advancing receding advancing receding

dynamic
Wilhelmy plate

79.4 ( 3.7 4.8 ( 4.8 87.4 ( 8.9 28.9 ( 2.0

sessile drop 70.0 ( 1.4 17.9 ( 0.9 89.2 ( 2.5 18.1 ( 1.7
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terms of a vertical phase separation as in the theory of
Baulin and Halperin. The effect of surface interactions
on the shape of segment concentration profiles for end-
tethered and adsorbed chains has been investigated
theoretically54-58 and experimentally.33,59-63 A depletion
of segments from the surface is present for a neutral or
repulsive segment-surface interaction, and an excess
of segments is present for an attractive interaction. The
magnitude of the excess is dependent upon the strength
of the attraction. Experimentally, bilayer profiles have
been previously reported for several systems with strong
surface attraction, such as â-casein at the interface
between water and a self-assembled monolayer of oc-
tadecyltrichlrosilane on silicon (hydrophobic interac-
tions)60 and poly(styrenesulfonate) adsorbed from aque-
ous solutions onto weakly charged polystyrene latex
particles (electrostatic interactions)61 or at the air
surface of water (driven by difference in surface en-
ergy).62 This contrasts with profiles reported previously
for polystyrene (PS) chains end-grafted onto surfaces
that are weakly attractive, neutral, or repulsive for the
PS chains. Karim et al. studied PS grafted onto silicon
oxide and immersed into cyclohexane with NR.63 In that
case the nonpolar PS interacts only weakly with the
silicon oxide surface. The data were consistent with
single layer profiles that decayed according to the
prediction of self-consistent-field theory. In another
study, the attraction of tethered polystyrene chains to
a surface was varied from repulsive to slightly attractive
using Langmuir monolayers of diblock copolymers on
the surfaces of various organic solvents.33 The surface
energy of the solvent relative to that for PS determined
the surface interaction. For the repulsive case, a deple-
tion of segments was found at the surface followed by a
smooth decay from the maximum. For the case of a mild
attraction, the data were consistent with a profile
composed of a step at the surface followed by a smooth
decay.

In the present work, the bilayer profiles in D2O
indicate that the attraction of the PNIPAM segments
to the substrate surfaces is apparently much stronger
than in the above-mentioned two studies involving
tethered PS. This can be explained by the presence of
hydrophobic interactions between the isopropyl groups
of the NIPAM segments and the surface in the present
system. Whereas both tethering methods lead to bilayer
profiles in D2O, the shapes of the profiles are quite
different. The distinct bilayer profiles for 220K, with a
high volume fraction of PNIPAM segments in the
surface layer, would seem to indicate a very strong
attractive interaction between the segments and the
surface. The lower concentration in the surface layer
in D2O for the “grafting-from” sample suggests a much
weaker attraction. This could be due to chemical dif-
ferences in the exposed surfaces of the substrates in the
two cases. For the 220K sample, 60% of the sites on the
mixed SAM are methyl-terminated, whereas 100% of
the surface area was coated with MPS in the “grafting-
from” method. Thus, hydrophobic interactions should
be more predominant for the 220K sample.

The single-layer profiles found for the PNIPAM chains
in d-acetone indicate a much weaker net attraction of
the segments to the substrate surface than in D2O. The
profiles in d-acetone are similar to those observed for a
mild attraction to a tethering surface.33 Hydrophobic
interactions could explain much stronger segmental
adsorption in D2O than in d-acetone. Thus, the com-

parison of the profile forms in D2O and in d-acetone
suggests that solvent molecules mediate the interaction
of the PNIPAM segments with the substrate.

In addition to differences in the surface interaction
in the two solvents inferred from the profile character-
istics near the surface, an important difference also
exists in the extension of the profiles into the subphase.
The segment concentration profiles are more contracted
in d-acetone than in D2O at all temperatures as mea-
sured by the rms thickness. In particular, in all cases
the diffuse layer in D2O has a much larger dimension
than the profile in d-acetone. This surprising result
could indicate either a lower Flory ø parameter for a
dilute brush in D2O than in d-acetone or else a much
larger statistical segment length. Regarding the former,
a concentration-dependent ø could explain a low Flory
ø parameter for a dilute brush as well as a cloud point
for free chains in dilute solution. This is due to the fact
that free chains experience much greater concentration
fluctuations relative to end-tethered chains and thus
would also experience greater fluctuations in the local
ø. Regarding chain stiffness, Kubota has shown that in
water at 20 °C PNIPAM chains behave as expanded
flexible coils, using laser light scattering for fractionated
PNIPAM samples of various molecular weights.64 The
same group also reported NMR data indicating a
restriction of the motion of water molecules at the LCST
along with an increase in the relaxation time of the side-
chain protons and a sharp decrease in that of the main-
chain protons. This is consistent with increased aggre-
gation of side chains. While the precise molecular
interpretation of these results is unclear, the light
scattering and NMR data do not appear to support an
increase in chain stiffness at the LCST sufficient to
compensate for a large increase in ø. We hope to shed
light on this issue with ongoing work involving PNIPAM
grafted chains in which M and σ are varied indepen-
dently over a wide range using atom transfer radical
polymerization.53

In addition to these two main observations, a few
other points can be made from the data. In comparing
the profiles for the two tethering methods, we find that
the layers are more compact (smaller rms thickness) for
the “grafting-from” method. This is true in both solvents
but is particularly evident in d-acetone, where a single-
layer profile occurs. Notice that in Figure 5a Rq4 for the
“grafting-from” sample in d-acetone contains a sharp
minimum at q ) 0.06 Å-1 and rises above that in D2O
for q > 0.08 Å-1. By contrast, in Figure 4a Rq4 for the
220K sample in d-acetone contains a much broader
minimum and remains below that in D2O for the entire
range of q examined. This corresponds to a more dense
and compact profile in d-acetone for the “grafting-from”
sample than for the 220K sample of method A. Since
both layers have comparable dry film thicknesses this
indicates that the “grafting-from” sample has a higher
σ and lower M than for the 220K sample. Finally, the
fact that the bilayer profile is less distinct for the
“grafting-from” sample may be due to a greater poly-
dispersity for that sample.

Conclusions

Neutron reflectivity was used to study the conforma-
tion of tethered PNIPAM chains at the interface of
silicon oxide with D2O and with d-acetone. For a wide
range of M at relatively low σ, the change in conforma-
tion of tethered PNIPAM chains in D2O was very subtle
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as the temperature increased above the LCST. No coil-
to-globule transition was observed. This appears to be
explained by a concentration-dependent Flory ø param-
eter, although further measurements and theoretical
analyses are needed to confirm this. Comparison of the
segment profiles in d-acetone and D2O was also reveal-
ing. A bilayer profile was obtained for the grafted
PNIPAM in D2O, composed of a thin layer of high
segment volume fraction at the surface and a distinct
second layer of much lower segment volume fraction
extending much further into the subphase. In d-acetone,
smoothly decaying single-layer profiles were obtained.
The bilayer profiles in D2O are attributed to much
stronger attractive segment-surface interactions than
in d-acetone due to hydrophobic interactions. Surpris-
ingly, the PNIPAM chains are more contracted in
d-acetone than in D2O at 55 °C, despite the fact that
solutions of free chains in D2O at 55 °C are cloudy, but
solutions in d-acetone are clear. This suggests a lower
Flory ø parameter for a dilute brush in D2O even above
the LCST than in d-acetone. The fact that these dilute
PNIPAM brushes are expanded in D2O above the
transition temperature is consistent with the very low
receding water contact angles observed. This indicates
that PNIPAM grafted chains at low surface density are
quite hydrophilic even above the LCST.
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